Technological advances in computerized tomography (CT) have reduced data acquisition and reconstruction times so that three-dimensional (3D) CT images of maxillofacial injuries may be economically and quickly generated. 3DCT was judged superior to multiplanar two-dimensional CT in demonstrating the spatial relationships of fracture fragments in complex mandibular and midfacial trauma. Although 3DCT failed to demonstrate soft-tissue injuries well, the surgeon's improved appreciation of the disrupted bony architecture facilitated preoperative planning. 3DCT facilitates the evaluation of complex mandibular and midfacial fractures.
For many years, physicians relied on two dimensional (2D) radiographs of the facial skeleton to evaluate facial injuries. However, such radiographs were relatively difficult to interpret because of the superimposition of bony landmarks and defects. 1 In the 1970s, the multislice 2D CT became more widespread and was better able to represent the defects in the facial skeleton. 1, 2 Numerous studies have underscored the utility of CT over conventional plain radiographs with respect to diagnostic accuracy and preoperative planning. 3 CT's accurate representation of facial fractures and their spatial relationships facilitates surgical exploration, fracture reduction, and the selection and contouring of rigid reconstruction plates. CT, therefore, decreases complications resulting from delays in diagnosis and treatment including malunion, 4 nonunion, and other functional and aesthetic deficits that may require revision surgery.
Recently, advances in computer software algorithms have permitted three-dimensional (3D) reconstructions of the facial skeleton from 2D CT images. These 3D reconstructions may further facilitate the diagnosis and treatment of facial injuries, 1, 5 and numerous authors have suggested that such 3D images may prove superior to 2D CT for presurgical planning in complex trauma and in craniofacial reconstruction following cancer resection. 1 We review our experience with 2D CT and 3D reconstruction in both the acute and delayed repair of facial defects.
METHODS AND MATERIALS
Six patients with facial trauma that had conventional CT scans performed of their facial bones at time of admission were evaluated clinically and radiographically.
These fractures included mandibular angle fractures, parasymphysial mandible fractures, and midfacial fractures. All fractures were evaluated and managed at Thomas Jefferson University Hospital, and institutional review board approval was obtained to evaluate and publish examples of radiographs used in the figures.
All CT scans were performed on either a Phillips 16-slice or 40-slice detector (Philips Medical Systems, Cleveland, OH) with the acquisition of contiguous 1 Â 0.5-mm axial sections. These axial images were then processed into 2-or 3-mm axial, coronal, and sagittal reconstructions that were processed automatically, using volumetric analysis and a bone detail algorithm. The source axial images were also sent to a Vitrea 2.3 3D workstation (Vital Images Inc., Plymouth, MN) for further 3D reconstruction. Images were manipulated to provide optimal 3D demonstration of the fractures, using proprietary software tools that permitted manipulating the level of transparency, altering the angle of lighting on surfaces, changing the color tone of the surfaces, and selectively cropping the image to provide multiple viewing angles including views from the proposed operative approach.
RESULTS
Three-dimensional reformatted images were used to illustrate the utility of such reconstruction in the evaluation of facial trauma. Fig. 1 shows lingual views of a nondisplaced left mandibular fracture. These images demonstrate the ability to examine fracture lines from many perspectives to isolate the segment of interest. Figs. 2 and 3 demonstrate displaced and nondisplaced mandibular fractures. The 3D reconstructions created using 1-or 2-mm axial source images are detailed enough to show nondisplaced fractures (Fig. 3) and to permit visualization of displaced fracture segments (Fig. 2) preoperatively for planning of reconstruction using contoured titanium plates. Fig. 4 shows how a severely comminuted right zygomatic arch fracture viewed in an angled 3D reconstruction better demonstrates displacement of fracture fragments than a 2D coronal image. 
DISCUSSION
Although 2D axial and coronal CT is more accurate and more sensitive than 3D reformatting, numerous studies have explored the utility of 3D imaging. Three-dimensional images are created from the original 2D slices; therefore, there is no new information in the images, and artifacts may be produced in the reformation process. Nonetheless, reconstructed 3D images may assist in the visualization of large comminuted, displaced, and complex fractures involving multiple planes, particularly in regard to the midface. 6 To accurately assess symmetry and fracture lines, reconstructed images must be angulated carefully to exclude any false positives.
7 3D images provide only information regarding bony architecture; fat and muscle entrapment, encephaloceles, hematomas, and associated injuries must be assessed radiographically through 2D CT manipulation of soft-tissue windows.
Fox found that 3D reconstructed CT scans were interpreted more rapidly and more accurately by clinicians and that 3D CT was more accurate at assessing zygomatic fractures but was inferior to axial images for evaluating orbital fractures. 8 Other studies have also described 3D CT as being most useful for imaging comminuted fractures of the middle third of the face and the zygomatico-maxillary complex. 5, 9 Hessel demonstrated that these 3D CT scans altered or canceled surgical procedures, particularly in nasoorbital-ethmoid fractures. 10 These observations indicate that 3D scans enable clinicians to better assess the localization of bone fragments and their direction of displacement. Threedimensional imaging is not indicated, however, for small fractures of the orbital floor or isolated fractures of the maxillary wall, in which the fracture is limited to one plane. Here, examining 3D scans alone can give false-negative results. 5, 7 With this in mind, it is useful to think of 3D imaging as a complementary study that can add important information to multiplanar imaging.
Reuben et al. reported that individuals at different levels of experience showed differential appreciation for the traumatic injuries illustrated by radiograph, 2D CT, and 3D reconstruction. 3 Nonradiologist viewers correctly diagnosed the fractures in 75.7% of 3D cases, 71.5% of radiographs, and 64.7% of conventional CT. 3 Viewers showed a preference for 3D CT over conventional CT over radiograph in a survey conducted as a part of this study, and a similar survey performed by Alder also demonstrated that surgeons preferred 3D reconstructions to 2D versions for treatment planning. However, experienced radiologists continue to prefer and interpret 2D CT better than 3D. These findings underscore the importance of 3D CT as a valuable tool at training institutions but also substantiate the need for evaluation of 2D CT by an experienced radiologist and for the subsequent availability of 3D reconstructions for review by the surgeons.
Patients incur no additional risks secondary to 3D CT; the scans are formatted using the 2D images and require no additional scanning or radiation exposure. Although there is increased interpretation time for the radiologist, recent trends in 3D prototyping have drastically improved the processing time and cost, and thereby the accessibility, of these images. It is now possible to routinely access images with 0.5-mm slices for reconstruction that produce high-resolution images with little artifact. Radiologists can now use computer graphic systems to manipulate volumetric data and present their quantitative information in a manner more useful to surgeons for preoperative planning. 5 
CONCLUSIONS
Our experience demonstrates the utility of 3D rendered reconstruction images of 2D CT scans in cases of complex facial trauma. Essentially, 3D reformatting of a 2D CT recreates the surgeon's complex mental process of visualizing fractures in operative planning. Disadvantages of the technique include the potential introduction of artifacts resulting in reformatting errors and the Figure 6 Axial and coronal two-dimensional images demonstrate extensive comminuted fractures involving the medial and lateral walls of the maxillary sinuses as well as the bilateral zygomatic arches. The three-dimensional reconstruction demonstrates the overall relationship of the multiple fractures to the remaining intact skeleton and complements the information gathered in two-dimensional views.
inability to represent soft tissue structures. Nonetheless, 3D CT permits isolation of affected sections of the facial skeleton and enables perspectives that may not readily be generated or appreciated by the clinician in his or her ''mind's eye.'' Continuing advances in computer software algorithms and improved precision in the acquisition of radiographic data will make 3D reformatted CT imaging a necessary complement to traditional 2D CT imaging in the management of complex facial trauma.
